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Introduction

Polymer composite materials possess high specific strength and stiffness properties.
These advantageous features, combined with competitive cost compared with metals,
are driving composites into widespread application. They are commonly used in aero-
space, military, sporting goods, and transportation to name a few major markets.

The interfacial bond that exists between the fiber and matrix of a composite is
an important component of composite materials as it facilitates load transfer between
fibers. Composites having weak interfacial bonds have low interlaminar and in-
tralaminar shear strengths. Allred, et al. [1] have shown that moisture can weaken
the fiber-matrix interface in aramid/epoxy composites, leading to poor transverse
properties in wet environments. Improvement in fiber-matrix bonding should produce
composites with greater resistance to property degradation by moisture.

Aramid fiber composites are especially hindered by poor interfacial bonds, and
improvement ot the interfacial bond strength has been an area of active research.
Creation of covalent bonding sites on the liber surlace is expected to increase the
interfacial strength between the fiber and resin. Stoller, et al. [2] treated Kevlar
fibers to modity their surface chemistry by an ammonia plasma process. This process
introduces reactive amine groups to the surface of the fiber that are potential cova-
lent bonding sites between the fiber and resin through participation of the amine
group in the epoxy curing reaction.

To evaluate qualitatively the interfacial bond strength of fibrous composite
Kevlar/epoxy laminates a peel test (T-peel) was performed using ASTM D1876,
"Standard Test Method for Peel Resistance of Adhesives (‘T-peel Test)" as a reference.
In this study, the laminates were T-peel tested in order to study the effect of plasma
trcatment on the interfacial propertics. The T-pecl results indicate that ammonia
plasma treatment improves the interfacial bond strength of Kevlar/cpoxy composites,
increasing the T-peel strengths by approximatecly 30%.

Materials

The Kevlar/epoxy specimens studied were two-ply laminates obtained tfrom PDA
Engineering (now TPL, Incorporated) under a Phasc Il Small Business Innovative
Research (SBIR) contract. Two different types of specimens were evaluated. One
type of laminate was prepared from plain weave fabric and the other was prepared
from unidirectional tape. In the unidirectional matcrial, the tiber was aligned parallel
to the long axis of the specimen. Ten control and ten plasma treated specimens
were studied from each group.

The fabric specimens were prepared using Kevlar 49 (style 281) treated in an
ammonia plasma batch process. Unidirectional Kevlar/epoxy prepreg was prepared
by treating 7100 denier roving in a continuous ammonia plasma treatment-resin

1. ALLRED, R. E,, and ROYLANCE, D. K. Transverse Moisture Sensitivity of Aramid/Epoxy Composites. Journal
of Materials Science, v. 18, 1983, p. 652-656.

2. ALLRED, R. E,, HARRAH, L. A, SALAS, R. M., and GORDON, B. W. Plasma Treatment Processes for Improved
Interfacial Adhesion in Kevlar/Epoxy Composites. SBIR Phasc 1T Final Report, MTL TR 90-60, November 1990




impregnation facility developed under the SBIR Phase II program [2]. The epoxy
resin used was Epon 826, a diglycidyl ether of bis-phenol A epoxy, cured with Epon
curing agent Z (both products of Shell Chemical Company). For a detailed descrip-
tion of the processing and preparation of these specimens refer to Reference 2.

Experimental

All specimens in the study were rectangular with a 1 in. width. The fabric speci- -
mens were 6 in. long, and the unidirectional specimens were 12 in. long. One inch of
the laminate length was not bonded to allow the specimen to be clamped into the grips
of the testing machine, as shown in Figure 1.

Figure 1. T-peel test geometry.

The laminates were T-peel tested in a floor model Instron screw-type test machine
to determine interlaminar shear strength. ASTM D1876 was used as a reference for the
procedure, but the crosshead speed was changed to 2 in./minute. The unbonded end of
the specimen was bent at a 90” angle to the bonded end of the specimen and clamped
into the test grips. The test load data was collected with an IBM personal computer
using a Keithley data acquisition system. The Instron chart recorder was used as a
backup for the computer. The raw data was reduced separately in a later analysis.

During tcsting the computer sampled voltage signals from the Instron at a rate of
10 points per second. Thc raw data was later converted to load values and averaged
using another program. All valid data points from the initial pcak to the end of the
test were used to calculatc the average load value. For the fabric specimens, the end of
the test was the point when the spccimen was completely peeled apart.  For the unidirec-
tional specimens, the test was ended after the first 9 in. were pecled. The T-pecl
strength was calculated by dividing the average load by the specimen width.  After test-
ing, the specimen failure surfaces were studied under an optical microscope to compare
differences between the control and treated specimens.

Results and Discussions

T-Pee! Tests

The T-peel test is generally used to study the cffectiveness of an adhesive bond
to increase the pecl resistance between two adherends. During a T-peel test the
force builds up until fracture initiatcs and the cnergy is relcased. The force then
builds up again and the fracture cycle is repeated. This test geometry favors failure
between the plics; therefore, the load nceded to initiate the fracture cycle should be
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related to interlaminar bond strength [3]. Figure 2 compares the typical continuous
load per unit width versus crosshead displacement curve obtained for representative
fabric control and treated specimens. Figure 3 shows the same curve generated for
typical unidirectional specimens.
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Figure 2. T-peel curve for fabric specimen group.
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Figure 3. T-peel curve for unidirectional fiber group.

3. STOLLER, H. M., DELOLLIS, N. J.,, and RODACY, C. Plasima Treatment Optimization of Polyaramid Filaments 1o
Improve Keviar/Epoxy Composites. SBIR Phase 1 Final Report, PDA Engineering, May 1986.




The fabric specimens show a jagged curve indicating crack propagation-crack
arrest cycles, while the unidirectional specimens exhibit a smoother fracture curve
more representative of continuous crack propagation. The T-peel test results for
each specimen are listed in Table 1.

Table 1. T-peel test results

T-peel tests
Fabric control Fabric treated
Cumbon N8y Camben A Biny.

1 207 11 235
2 205 12 216
3 1.85 13 262
4 229 14 253
5 245 15 246
6 2.06 , 16 2.38
7 2.06 17 3.01
8 2.01 18 3.12
9 1.51 19 3.05

10 1.68
Avg 2.00 Avg 2.63
Std 0.26 A Std 0.33

Unidirectional control Unidirectional treated
Specimen Avg load Specimen ’ Avg load
(number) {Ibfin.) (number) (16/in.)

1 4.45 1 5.33
2 4.55 12 6.61
3 492 13 7.02
4 435 14 6.53
5 527 15 6.22
6 6.37 16 5.57
7 5.1 17 572
8 4.29 18 7.14
9 4.31 19 6.64

10 5.39
Avg 4.90 Avg 6.31
Std 0.63 Std 0.61

Figure 4 compares all the spccimens with onc standard deviation range. These
data show that higher values of T-pccl strength are obtained for the plasma treated
specimens. The fabric specimens show an incrcase of 32% in the T-peel strength
with ammonia plasma treatment. The unidirectional specimens show an increase of




29% in T-peel strength with continuous plasma treatment. This indicates the plasma
treatment is effective in promoting improved adhesion between the fiber and matrix.
Modification of the Kevlar surface with an ammonia plasma offers a method for
improving the mechanical properties of Kevlar/epoxy composites as evidenced by the
higher peel strengths obtained for plasma treated specimens. The values obtained for
the fabric controls in this study are in line with those obtained in the Phase II SBIR
report (the untreated specimens had values of 1.9 Ib/in. in the Phase II study) [2],
but the values found in this study for the treated fabric specimens are lower (treated
specimens had values of about 4 Ib/in. in the Phase II study) [2].
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Figure 4. T-peel strength data.
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Microscopy

Figures 5 and 6 compare the failure surtaces of the ftabric and unidirectional
specimens, respectively. There are no discernible differences in the failure surfaces
of the treated and untreated specimens. However, further microscopy study, particu-
larly scanning electron microscopy, should be performed to further explore the effects

of plasma treatment.

Figure 5. Failure surfaces of fabric specimens.
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Figure 6. Failure surfaces of unidirectional materiats.




Summary

The results of ‘the T-peel tests indicate that ammonia plasma treatment is effec-
tive in improving the fiber-matrix adhesion and the mechanical properties of Kevlar/epoxy
composites. The treated fabrics show an increase of 32% in the.T-peel strength
when compared to the control. The treated unidirectional material shows an increase
of 29% when compared to the control data set. Thesc wata are in agreement with
the results obtained by Allred, et al. [2] that rcport ammonia plasma treatment in-
creases the interfacial bond strength leading to improved mechanical properties for
the treated matcerials.




DISTRIBUTION LIST

Copies To
1 Office of the Under Secretary of Defense for Research and Engineering, The Pentagon, Washington, DC 20301
Director, U.S. Army Research Laboratory, 2800 Powder Mill Road, Adelphi, MD 20783-1197
1 ATTN: AMSRL-OP-CI-AD, Technical Publishing 8ranch
1 AMSRL-OP-CI-AD, Records Management Administrator
Commander, Defense Technical Information Center, Cameron Station, Building 5, 5010 Duke Street,
Aiexandria, VA 22304-6145
2 ATTN: DTIC-FDAC
Commander, Army Research Office, P.0. Box 12211, Research Triangle Park, NC 27709-2211
1 ATTN: Information Processing Office :
Commander, U.S. Army Materiel Command, 5001 Eisenhower Avenue, Alexandria, VA 22333
1 ATTN: AMCSCI
Commander, U.S. Army Materiel Systems Analysis Activity, Aberdeen Proving Ground, MD 21005
1 ATTN: AMXSY-MP, H. Cohen
Commander, U.S. Army Missile Command, Redstone Arsenal, AL 35809
1 ATTN: AMSMI-RD-CS-R/Doc
Commander, U.S. Army Armament, Munitions and Chemical Command, Dover, NJ 07801
2 ATTN: Technical Library
Commander, U.S. Army Natick Research, Development and Engineering Center,
Natick, MA 01760-5010
1 ATTN: Technical Libra:,y
1 Janet E. Ward
1 Heidi Gibson
Commander, U.S. Army Satellite Communications Agency, Fort Monmouth, NJ 07703
1 ATTN: Technical Document Center
Commander, U.S. Army Tank-Automotive Command, Warren, Ml  48397-5000
1 ATTN: AMSTA-ZSK
1 AMSTA-TSL, Technical Library
Commander, White Sands Missile Range, NM 88002
1 ATTN: STEWS-WS-VT
President, Airborne, Electronics and Special Warfare Board, Fort Bragg, NC 28307
1 ATTN: Library
Director, U.S. Army Research Laboratory, Aberdeen Proving Ground, MD 21005
1 ATTN: AMSRL-WT
Commander, Dugway Proving Ground, UT 84022
1 ATTN: Technical Library, Technical Information Division
Commander, U.S. Army Research Laboratory, 2800 Powder Mill Road, Adelphi, MD 20783
1 ATTN: AMSRL-SS .
Director, Benet Weapons Laboratory, LCWSL, USA AMCCOM, Waterviiet, NY 12189
1  ATTN: AMSMC-LCB-TL
1 AMSMC-LCB-R
1 AMSMC-LCB-RM
1 AMSMC-LCB-RP
Commander, U.S. Army Foreign Science and Technology Center, 220 7th Street, N.E.,
Charlottesville, VA 22901-5396
3 ATTN: AIFRTC, Applied Technologies Branch, Gerald Schiesinger

Commander, U.S. Army Aeromedical Research Unit, P.O. Box 577, Fort Rucker, AL 36360
ATTN: Technical Library




No. of
Copies . ; " Yo

U.S. Army Aviation Training Library, Fort Rucker, AL 36360
1 ATTN: Building 5906-5307

NMaval Research Laboratory, Washington, DC 20375
2 ATTN: Dr. G. R. Yoder - Code 6384

Chief of Naval Research, Arlington, VA 22217
1 ATTN: Code 471

Commander, U.S. Air Force Wright Research & Development Center,
Wright-Patterson Air Force Base, OH 45433-6523

1 ATTN: WRDC/MLLP, M. Forney, Jr.

1 WRDC/MLBC, Mr. Stanley Schulman .

NASA - Marshall Space Flight Center, MSFC, AL 35812
1 ATTN: Mr. Paul Schu2rer/EHON

General Dynamics, Convair Aerospace Division P.O. Box 748, Forth Worth, TX 76101
1 ATTN: Mfg. Engineering Technical Library

1 NASA - Langley Research Center, Hampton, VA 23665-5225

U.S. Army Vehicle Propulsion Directorate, NASA Lewis Research Center, 2100 Brookpark Road,
Cleveland, OH 44135-319
1 ATTN: AMSRL-VP

1 NASA - Lewis Research Center, 2100 Brookpark Road, Cleveland, OH 44135-3191

-Director, Defense Intelligence Agency, Washington, DC 20340-6053
1 ATTN: ODT-5A (Mr. Frank Jaeger)

Boeing Aerospace Cc.)mpany, P.Q. Box 3999, Seattle, WA 98124-2499
1 ATTN: Donald E. Wright, MS 6K-43

Adherent Technologies, 9621 Camino del Sol, NE, Albuquerque, NM 87111
1 ATTN: Ronald E. Allred

TPL, Inc., 3754 Hawkins, NE, Albuquerque, NM 87109
1 ATTN: H.M. Stoller

Director, U.S. Army Research Laboratory, Watertown, MA 02172-0001
2 ATTN: AMSRL-OP-CI-D, Technical Library
10 Authors

10




